Purpose Reactivation of hepatitis B virus (HBV) infection after chemotherapy can lead to liver failure and death. Conflicting recommendations regarding HBV screening in cancer patients awaiting chemotherapy mean that some patients at risk for HBV reactivation are not being identified and treated with prophylactic antiviral therapy.
Introduction
Prevention of reactivation of hepatitis B virus (HBV) infection ("HBV reactivation") has been a subject of debate in the oncology community since 2008, when the Centers for Disease Control and Prevention (CDC) recommended HBV screening of all cancer patients awaiting chemotherapy [1] (Table 1 ). The American Association for the Study of Liver Diseases (AASLD) [2] recommends screening patients at risk for HBV infection, as do the Institute of Medicine [3] , the American Society of Clinical Oncology (ASCO) [4] , and the National Comprehensive Cancer Network (NCCN) [5] . ASCO and NCCN also recommend HBV screening in patients awaiting specific forms of treatment, such as stem cell transplantation or rituximab therapy [4, 5] . Unfortunately, national HBV screening recommendations for cancer patients are not harmonized, and many oncologists do not effectively screen patients at risk for HBV infection [6] . Thus, patients with HBV infection may be at risk for reactivation after chemotherapy because they are not identified or initiated on antiviral prophylaxis.
Widespread screening may be reasonable since many patients are unaware that they have HBV infection [7, 8] or identifiable risk factors for HBV infection [9, 10] . Supporting widespread screening is the fact that no effective clinical tools are available to help physicians identify demographic and behavioral risk factors for HBV infection. In addition, no largescale studies in the US have been conducted to identify the populations at risk for HBV reactivation and their level of risk. However, widespread screening may also be problematic given the relatively low prevalence of chronic HBV infection in the general US population and concerns about screening costs.
The conflicting national recommendations about HBV screening before initiation of chemotherapy are the result of a lack of convincing data. Recently, several reviews have been published on HBV reactivation [11] [12] [13] . Still lacking, however, is a clear strategy for obtaining the convincing data needed to reach consensus on the best HBV screening strategy to ensure that all patients with cancer who are at risk of HBV reactivation have their HBV status identified before chemotherapy.
In this focused narrative review, we summarize the existing evidence regarding screening for and management of HBV infection among patients with cancer awaiting chemotherapy. Where convincing data are lacking, we suggest steps needed to acquire such data. We conducted a comprehensive search of Ovid Medline (1946 to July 25, 2012), PubMed (1946 to July 25, 2012), and the Cochrane Library using the search terms "hepatitis B virus," "reactivation," and "chemotherapy" with a detailed search using specific chemotherapy drug names. We also included "screen" and "test" in addition to the names of hepatitis B tests, such as "HBsAg," "anti-HBc," and "antiHBs." References in the retrieved papers were also reviewed.
How should reactivation of HBV infection be defined?
Currently, there are no uniform diagnostic criteria for HBV reactivation. This is due in part to the limitations of retrospective studies, the unethical nature of natural history studies, and low levels of HBV screening and subsequent prospective identification of cases of reactivation. HBV reactivation after immunosuppression is characterized by the reappearance of active necroinflammatory liver disease in patients with the HBsAg carrier state (positive HBsAg, positive anti-HBc, negative anti-HBs, and undetectable HBV DNA), patients with occult HBV infection (negative HBsAg, positive anti-HBc, and negative anti-HBs), or patients convalescent from prior HBV infection (negative HBsAg, positive anti-HBc, and positive anti-HBs) [2] (Table 2) . Retrospective studies must often rely on few HBV serologic markers, which results in inconsistent criteria for diagnosing reactivation. Lok et al. defined hepatitis after chemotherapy as an increase in alanine aminotransferase (ALT) level to at least three times the baseline value, resulting in a level higher than 100 IU/L [14] . This definition was later modified by Yeo et al. defined HBV reactivation as an increase in ALT level to at least three times the baseline value and to a level above the upper limit of the normal range (>58 IU/L) or any ALT level over 100 IU/L [15] . Hepatitis due to HBV reactivation has been defined as a tenfold increase in HBV DNA level or the reappearance of detectable HBV DNA [14, 15] . However, HBV DNA testing is not routinely performed unless a patient has been shown to have HBV infection; thus, HBV DNA has only an indirect role in diagnosing HBV reactivation.
When does reactivation occur?
HBV reactivation can occur anywhere from within 2 weeks after completion of an initial chemotherapy treatment [16] to more than 1 year after the cessation of treatment [17] . Several studies have addressed the reasons for this variability. HBV reactivation can occur after the cessation of immunosuppressive agents [18] [19] [20] , presumably as the result of stimulation of HBV replication and restoration of host immune responses to infected hepatocytes. However, one study showed that the glucocorticoid-receptor site in the HBV genome is stimulated by glucocorticoids, which may result in HBV DNA replication [21] . Another study showed that doxorubicin directly stimulates HBV DNA replication and subsequent production of HBV antigens, which are recognized by the host immune response [22] . Future studies focusing on mechanisms of HBV reactivation may lead to a better understanding of the variability of its timing after initiation of chemotherapy. Such knowledge may be critical for development of optimal preventative and therapeutic strategies.
What are the immunologic and molecular mechanisms underlying HBV reactivation?
Patients infected with HBV harbor covalently closed circular (ccc) HBV DNA replicative intermediates in the nuclei of hepatocytes. After acute infection, loss of HBsAg and HBV DNA and appearance of anti-HBs indicate viral clearance; however, ccc HBV DNA remains in hepatocytes for years, is controlled by the immune system, and, conversely, plays an important role in maintaining immunity against HBV [23] . The ccc HBV DNA can cause reactivation when host immunity is weakened as a result of immunosuppressive therapy [24] . HBV-specific cytotoxic T lymphocytes and serum antibodies can be detected years after infection [25] . True hepatitis results from restoration of a cytotoxic T cell-mediated response to HBV-infected hepatocytes [25] .
Nonimmune pathways have also been implicated in HBV reactivation. In a study of transgenic mice infected with HBV, the combination of irradiation of the liver plus interleukin-6 therapy caused in vitro HBV replication, mainly mediated through the STAT3 signaling pathway [26] . Mutations in the precore regions of HBV DNA resulting from a G to A substitution at nucleotide 1896 have been associated with HBV reactivation [27] [28] [29] [30] .
HBV can infect chimpanzees, and species-specific HBV causes natural infections in ducks, woodchucks, and squirrels; however, none of these experimental animal models is sufficient for the studies required to understand the viral, molecular, and immune mechanisms culminating in HBV-reactivation hepatitis [31] . Such studies might result in the discovery of predictors of HBV reactivation after chemotherapy.
What are the identified risk factors for HBV reactivation?
Patients with positive HBsAg tests have the highest rates of HBV reactivation, reported to be up to 48 % in a prospective study of 100 Chinese patients with non-Hodgkin lymphoma (NHL) [14] . In a prospective study of widespread screening in Hong Kong, 38 % of HBsAg-positive patients with hematologic malignancies and 15 % of HBsAg-positive patients with solid tumors had reactivation [15] . In a study of both hematologic and solid-tumor patients in France, 84 were found to have negative HBsAg but positive anti-HBc [32]. Of these, over 8 % had reactivation, and all patients with reactivation had hematologic malignancies.
Any patient with previous or current HBV infection is at risk for reactivation. Table 2 shows HBV seromarkers and HBV reactivation has been well documented in patients with hematologic malignancies [15, [39] [40] [41] [42] , and widespread screening for HBV is recommended for patients with lymphoma [43] and patients awaiting hematopoietic stem cell transplantation [4, 44] . There have been an increasing number of reports of reactivation [12, [45] [46] [47] [48] [49] after administration of rituximab, a monoclonal antibody against CD20 used to treat hematologic malignancies by depleting CD20-positive B cells, and this has prompted calls for universal HBV screening of patients awaiting rituximab treatment [44, 46, 48] . In a study of 110 patients who received rituximab [46] , six patients had either positive HBsAg or positive anti-HBc, and five of these six had reactivation. Reactivation has also occurred in patients with hematologic malignancies during treatment with other monoclonal antibodies, including ibritumomab tiuxetan [50] and alemtuzumab [51] . Other chemotherapies used to treat hematologic malignancies that have been associated with reactivation include CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) for NHL [52] , bendamustine for chronic lymphocytic leukemia (CLL) [53] and NHL [54] , chlorambucil for CLL [55] , and imatinib mesylate for myeloid leukemia [56] . Corticosteroids are also associated with significant risk of HBV reactivation [21] . Corticosteroid-containing treatments were associated with a higher rate of reactivation (73 %) than corticoidfree regimens (38 %) [16] .
Although reactivation is more commonly reported in patients with hematologic malignancies, the risk of HBV reactivation is also substantial in patients with solid tumors. Patients with breast cancer who received anthracycline [57, 58] or cyclophosphamide, fluorouracil, docetaxel, or epirubicin [15] have experienced HBV reactivation and subsequent death. In a prospective study of 41 breast cancer patients with positive HBsAg tests who received chemotherapy according to standard international guidelines [58] , 41 % had HBV reactivation after chemotherapy, and more than 70 % of these patients with reactivation experienced premature discontinuation or delay of chemotherapy. A patient with glioblastoma who received temozolomide [59] had HBV reactivation, as did patients with lung cancer, colon cancer, stomach cancer, germ cell tumor, and other solid tumors who received various chemotherapy agents [15, 29, 60, 61] .
A prospective study from China showed that male gender, younger age, lymphoma diagnosis, and hepatitis B e antigen (HBeAg) seropositivity were associated with HBV reactivation in patients receiving cytotoxic chemotherapy, 60 % of whom were started on deferred antiviral therapy after diagnosis of hepatitis [15] . In other studies in China, high HBV viral load before chemotherapy administration was shown to be the main risk factor associated with HBV reactivation in breast cancer patients [62, 63] .
We need population-based estimates of the prevalences of HBV infection and reactivation among patients with cancer in the US. Since natural history studies of reactivation after immunosuppression would be unethical because effective prophylaxis is available and recommended, large multicenter cooperative efforts to uniformly identify predictors of reactivation in patients receiving antiviral prophylaxis will be necessary. In addition, validated risk tools are needed to help physicians determine who to screen for HBV infection and estimate risks of reactivation after immunosuppression.
What is the best antiviral therapy?
Currently, seven treatments are available for chronic HBV infection: two formulations of interferon (conventional and pegylated; they cause bone marrow suppression and thus are not recommended for patients with cancer) and five nucleoside or nucleotide analogues: lamivudine, adefovir, entecavir, telbivudine, and tenofovir [64] [65] [66] . Though all five nucleoside/ nucleotide analogues are potent antivirals; none of them totally eradicates HBV.
Among patients with chronic HBV infection and cancer who are awaiting chemotherapy, the initial goal of anti-HBV therapy is prompt reduction of HBV replication before initiation of chemotherapy. Most studies conducted to reduce the risk of reactivation in cancer patients receiving chemotherapy have been carried out in Asia and have utilized lamivudine, one of the first antivirals shown to be effective against HBV. Previous systematic reviews and meta-analyses [17, [67] [68] [69] showed that lamivudine substantially decreased the rate of liver-associated complications after chemotherapy in cancer patients with chronic HBV infection. Loomba et al. showed that prophylactic lamivudine significantly reduced the risk of HBV reactivation, HBV-related hepatitis, HBV-related fulminant hepatitis, and HBV-related mortality [67, 68] . This proof of efficacy is what led the AASLD and CDC to change their guidelines to recommend screening for HBV before initiation of chemotherapy. Lamivudine, telbivudine, and adefovir have substantial resistance rates that increase over time [2] and thus are not generally recommended for long-term therapy; however, for patients who anticipate a short course of chemotherapy and have a low viral load-especially asymptomatic chronic carriers of HBV with normal ALT-and thus require prophylaxis only for a brief period, these drugs may be acceptable and perhaps more costeffective. However, in this setting, cessation of antiviral therapy should be followed by monitoring of ALT and HBV DNA for 6-12 months to minimize the risk of reactivation. The rate of genotypic resistance (mutations that confer resistance) to lamivudine in patients with virologic breakthrough has been reported to be up to 15 % [70] , and such mutations have resulted in poor outcomes in cancer patients who received lamivudine prophylaxis during chemotherapy and for 6 months after stem cell transplantation [71] .
Entecavir is a promising prophylactic antiviral in patients with cancer [72] [73] [74] [75] , specifically patients with high HBV DNA levels. Although no large studies of entecavir have been conducted, the newer antivirals such as entecavir and tenofovir have the advantage of low to zero rates of resistance [76] , especially in patients with high baseline HBV DNA levels who are anticipated to require longer courses of chemotherapy and thus long-term antiviral therapy. Entecavir has been found to have a greater antiviral effect [77] and a much lower rate of virologic breakthrough and resistance [76] than lamivudine [2] . Lymphoma patients with HBV infection treated with entecavir had lower rates of HBV reactivation and chemotherapy delays than patients treated with lamivudine [74] . However, entecavir has been associated with relapse of HBV infection after withdrawal in lymphoma patients [78] . In a study of patients without cancer, entecavir was associated with increased short-term mortality in patients who had acute exacerbation of chronic HBV infection [79] . Future studies in patients with cancer treated with immunosuppression will be important to better understand the benefits and drawbacks of entecavir and other newer agents.
Previous decision-making and cost-effectiveness studies of lamividine prophylaxis before chemotherapy in lymphoma patients known to have HBV infection [68, 80] showed that prophylaxis was beneficial and cost-effective in terms of reducing cancer deaths [80] and improving survival rates [68] . Another cost-effectiveness study, this one of universal HBV screening among patients with solid tumors [81] , showed that universal HBV screening with HBsAg and antiHBc was not cost-effective in patients with early stage breast cancer receiving adjuvant chemotherapy and patients with end-stage non-small cell lung cancer beginning palliative chemotherapy. However, that study showed that universal HBsAg (without anti-HBc) screening was cost-effective in the breast cancer patients receiving adjuvant chemotherapy [81] . In addition, a study in lymphoma patients showed that universal screening with HBsAg was cost-effective [82] . Future cost-effectiveness studies should focus on both patients with solid tumors and patients with hematologic malignancies, include various types and doses of immunosuppression, and incorporate risk factors for HBV infection. However, such studies need to be informed by more accurate assessments of prevalence and reactivation risk.
What is the optimal duration of antiviral therapy?
To date, no randomized controlled studies have been conducted comparing antiviral treatments to prevent HBV reactivation. With the advent of newer and more effective therapies for the treatment of chronic HBV infection, clinical trials are needed to test whether these newer and more potent agents are more effective than lamivudine in reducing the long-term risk of HBV reactivation among patients with cancer and, most important, to determine the optimal duration of antiviral prophylaxis with these new agents. There are no published studies on the optimal duration of antiviral prophylaxis in cancer patients receiving chemotherapy, and this is a key gap in knowledge since withdrawal hepatitis and mortality may occur after discontinuation of antiviral therapy [41] . Since reactivation may occur after cessation of chemotherapy and during the recovery of patients' immune function, the optimal length of antiviral prophylaxis may depend on many factors, including dose and type of immunosuppression. In the absence of definitive data and until further studies are done, we recommend that cessation of antiviral therapy be followed by monitoring of ALT and HBV DNA levels for 6-12 months to minimize the risk of reactivation. The duration of antiviral therapy may need to be further prolonged depending on the type of immunosuppression and anticipated time to recovery of immune function.
Who should be screened for HBV infection?
The rationale for screening for HBV infection before chemotherapy is well accepted among hepatologists. However, most of the available data are based on studies conducted in highprevalence countries in Asia [67] . There are limited data with which to assess whether routine screening is cost-effective in low-prevalence countries and whether screening should be restricted to patients with risk factors for HBV infection. To conduct a cost-effectiveness analysis, baseline estimates of the prevalence of HBV infection and the rate of reactivation with various forms of chemotherapy are needed. Baseline prevalence is unknown in many regions of the US. Future validated tools to identify patients at risk for HBV infection and reactivation will help oncologists and primary care physicians decide who to screen.
What are the known risk factors for HBV infection?
The CDC [1] and AASLD [2] have established groups at high risk for HBV infection based on cultural origin and behavioral characteristics. HBV is transmitted perinatally from infected mother to child and by prolonged, close person-to-person contact, especially contact among children who have open cuts and sores. Persons who were born in geographical areas of moderate to high prevalence of HBV infection are at risk and should be screened. These areas include parts of Asia, Africa, the Middle East, Eastern and Mediterranean Europe, South America, and Central America. HBV is also transmitted by percutaneous and sexual exposures. Household and sexual contacts of persons with HBV infection should be screened. In addition, persons who have injected drugs, have had multiple sexual partners, or have a history of sexually transmitted diseases are at risk and should be screened.
What HBV tests should be used?
Screening for HBV infection may include HBsAg, anti-HBc, and/or anti-HBs. Using all three tests allows the most thorough and complete interpretation of the serologic profile of a patient and is the recommended strategy of the CDC [1] . The patterns of positive test results yield specific clinical information about a patient's HBV status ( Table 2 ). The AASLD also supports the use of all three tests but considers an alternative, possibly more efficient strategy of using anti-HBc first and then testing for HBsAg and anti-HBs if results of the initial anti-HBc screening test are positive [2] . However, these recommendations are based on little evidence, and future studies should be designed to clarify the optimal use of the available serologic tests. ASCO recommends screening using the HBsAg test, and in some cases the anti-HBc test, but does not endorse screening with anti-HBs [4] .
HBsAg positivity clearly indicates increased risk of reactivation. However, in patients who are HBsAg negative but antiHBc positive, there is no consensus regarding the magnitude of reactivation risk, leading to lack of clarity as to whether prophylactic therapy should be initiated and, if so, when to stop prophylaxis. Patients who have negative HBsAg but positive anti-HBc test results may either have occult HBV infection or be convalescent from previous infection. Patients with occult HBV infection may have viral mutants that render their HBsAg undetectable with conventional assays [83, 84] , may carry mutations capable of inhibiting viral replication [83] , or may have HBsAg levels lower than the detectable limit of the assay [34]; furthermore, patients may be in the "immunologic window" when HBsAg is undetectable but anti-HBs is not yet detectable [34] . Although anti-HBc may be considered a surrogate for DNA amplification and a sentinel marker of occult HBV infection [85] , polymerase chain reaction have shown that HBV DNA levels are detectable in 0-35 % [86] [87] [88] of patients who are negative for HBsAg and positive for anti-HBc; this wide range has been attributed to virologic, immunologic, and methodologic causes, along with HBV endemnicity [34] . Patients who received intravenous immunoglobulin within the preceding 4 weeks may have a positive anti-HBc test result because of passive transfer, leading to misinterpretation of serologic test results [89] . Patients with previous HBV infection may lose anti-HBs after rituximab therapy [90] , and this loss of anti-HBs has been shown to be a risk factor for reactivation [47] . Thus, HBV DNA testing should be done routinely during and after the cessation of rituximab therapy.
Previous studies [45, [91] [92] [93] [94] have shown HBV-related complications in patients with hematologic malignancies with negative HBsAg and positive anti-HBc test results. These patients should undergo HBV DNA testing before chemotherapy and be closely monitored during and after chemotherapy [95] . Patients with CLL have a prevalence of occult HBV infection, i.e., no detectable HBsAg but detectable HBV DNA-three times that of age-and sex-matched controls, but this may reflect the role of HBV infection in the pathogenesis of lymphoproliferative disorders of B cell lineage [96] , for example, NHL.
Among patients with lymphoma and occult HBV infection, there have been reported cases of reactivation after rituximab therapy [45, 91, 92, 97, 98] , including fatal cases [93, 94, [99] [100] [101] . One US study found the prevalence of HBsAg negative but anti-HBc positive test results to be 11 % among a population of predominantly NHL patients [102] . There have been calls for testing patients with lymphoma for anti-HBc in addition to HBsAg [103] and for administering antiviral prophylaxis to lymphoma patients with negative HBsAg and positive anti-HBc before chemotherapy [104] ; these recommendations are included in the NCCN guidelines for NHL [43] .
Despite the presence of anti-HBs, HBV replication may persist for more than two decades after acute infection and is kept at low levels by cytotoxic T lymphocyte responses [23] . NHL patients who were positive for anti-HBs and negative for HBsAg (anti-HBc unknown) later became positive for HBsAg and had detectable HBV DNA after rituximab therapy [19] or bone marrow transplantation [105] . Besides rituximab, patients with CLL who were initially positive for anti-HBc and anti-HBs later became positive for HBsAg and had detectable HBV DNA 6 months after receiving chlorambucil and prednisolone [104] . Patients such as these should be considered to harbor HBV in the liver and should be monitored for reactivation with periodic HBsAg and HBV DNA tests during chemotherapy [106, 107] .
Another reason to screen using anti-HBs is that having antiHBs may be protective against reactivation [90, 97, 108] , and thus this test, along with serial HBV DNA levels, could be useful in monitoring for reactivation during and after chemotherapy. Although HBV vaccination protects healthy persons from HBV infection, it does not protect against escape mutant viruses. Likewise, although administration of immune globulin provides passive transfer of anti-HBs and anti-HBc (and subsequently causes false-positive findings on serologic tests [89, 109] ), it does not provide complete protection because of escape mutants with more mutations than can be addressed through the donor antibodies [106] .
Conclusions
The controversies about HBV screening and management among patients with cancer have arisen, in part, from a lack of clear and convincing data. To make progress in this field, we will need expert consensus and then, importantly, validation regarding the definition of reactivation, the timing of reactivation, and diagnostic testing for reactivation. Future studies to validate and assess the utility of risk tools for screening will be beneficial. We will need well-designed studies to determine the best antiviral therapy or combination and the optimal duration of antiviral therapy and follow-up care. Comprehensive cost-effectiveness studies are necessary to identify best screening practices, including whether widespread or targeted screening is best. In addition, future studies with better animal models should incorporate immunologic and functional genomic elements to identify risk and predictors of reactivation in a very heterogeneous population of patients with hematologic malignancies and solid tumors. With a collaborative approach to patient care, involving the coordinated efforts of specialists in oncology, gastroenterology, hepatology, and infectious diseases, we can develop the best and most comprehensive care for cancer patients with HBV infection. 
